Abstract. Magma oceans, plate tectonics, and stagnant-lid convection have transferred heat out of the terrestrial planets at various times in their histories. The implications of the existence of multiple branches are graphically illustrated by approximating the globally averaged mantle heat flow as a function of the interior potential temperature. For this assumption to be valid, the mantle heat flow needs to be able to change rapidly relative to the potential temperature, or, equivalently, lithosphere needs to be a small fraction of the mass planet. This criterion is satisfied by the Earth, Venus, and Mars, but not the Moon. At a given potential temperature the function may be multivalued with a separate branch representing each mode of convection. The heat flow evolves along a branch as the potential temperature changes depending on whether the heat flow is greater or less than the global radioactive heat generation. When the end of a branch is reached, the state of the system jumps to another branch, quickly changing the global heat flow. Examples include transitions from a magma ocean to plate tectonics, probably on the Earth and Mars, and conceivably Venus; and the transition from a stagnant-lid planet to a magma ocean on Venus and the eventual return to a stagnant-lid planet.
A particular mode of convection may have a global heat flow which exceeds the interior radioactive heat generation qr so that the planet cools with time or a smaller global heat flow which allows radioactivity to heat up the planet. I briefly review evidence for the radioactivity and cooling terms in (1) and (2) to put these possibilities in context. 2.2.1. Radioactive heat generation. The probable amount of heat flow due to radioactive heat generation on the other terrestrial planets qr in (2) is obtained by scaling from the Earth. To do this, I make the assumption that the radioactivity per mass of the other terrestrial planets does not differ drastically from that of the well-sampled Earth.
An upper limit of the current mantle radioactivity heat generation is given by the observed terrestrial mantle heat flow of about 80 mWm -2 by applying (2), as it is generally believed that the mantle is now cooling. More sophisticated estimates yield that radioactive heat generation supplies around half of the average surface heat flux from the mantle [e.g., McKenzie and Richter, 1981] . This yields a range for qr of 40-80 mWm -2.
An upper estimate for qr on the early Earth is obtained by adjusting for radioactive decay and for the accumulation of radioactive elements in the crust over time. The radioactivity heat generation was about a factor of 4 greater than present in the Hadean [Van Schmus, 1995] . Summing the upper limit of 80 mWm -2 for qr with the radioactive heat generation within the continents, 20 mW m -2 averaged globally, yields 100 mWm -2. Adjusting for radioactive decay yields an upper limit of qr in the Hadean of 400 mW m -2. A lower estimate is obtained by adjusting the lower current estimate of 40 mWm -2 for radioactive decay to obtain 160 mW m -2.
Scaling is done to the other planets by assuming that they have a similar composition to the Earth. It is convenient to scale to the acceleration of gravity g, which is known for the other inner planets. The inverse square law for gravity ( and not the core warmed up, that is, to 1.25 and 0.125 K per million years, respectively. The cooling rate at a given global heat flow on the other planets scales inversely proportional to the acceleration of gravity, as does qr in (4). That is, the globally averaged heat flow owing to cooling is from (1) 
Modes of Convection
Magma oceans, plate tectonics, and stagnant-lid convection have occurred in the terrestrial planets. It is convenient to discuss them in the reverse order that they occurred on an initially hot planet because the physics of stagnant-lid convection and plate tectonics are better understood than those of magma oceans.
2.3.1. Stagnant-lid convection. An essentially stagnant lid develops on top of a convecting interior within a fluid with a strongly temperature dependent viscosity [Solomatov, 1995] . Geologically, this results in a one-plate planet where convection driven by a boundary layer at the base of the lithosphere extends downward throughout the adiabatic interior. This is currently the main mode of heat transfer on Mars, Venus, and the Moon. On the Earth it occurs as secondary convection beneath the plates and transfers moderate amounts of heat to the oceanic lithosphere [Davaille and Jaupart, 1994] •Crlo where k is thermal conductivity, p is density, g is the acceleration of gravity, cz is the thermal expansion coefficient, r-=k/pC is thermal diffusivity, ri0 is the half-space viscosity, T n is the temperature to change viscosity by a factor of e, and pC is specific heat per volume. The temperature contrast across the boundary layer is 2 T n to 3 T n. A widely applied kinematic scaling based on treating the cooling lithosphere as a half-space has been obtained from the observed depth-age relationship at ridges. This behavior occurs to a good approximation in numerical simulations which show plate-like behavior. Locally, the heat flow is inversely proportional to the square root of the spreading rate. Globally, it is inversely proportional to the square root of the lifetime of oce-
where the heat flow is in W m -2, the lifetime is in millions of The existence of a buoyant crust limits the efficacy of plate tectonics at times when the interior of a planet is hot. In particular, modem style plate tectonics could not transfer the heat supplied by radioactivity at times when the interior of the early Earth was much hotter than at present [Davies, 1993b , Sleep, 1994 The situation appears to be worse for the smaller planets [Warren, 1993; Sleep, 1994] . The thickness of crust produced at a given interior temperature scales inversely to the pressure gradient pg or, crudely, inversely to g. In the above example the conditions to produce 26-km-thick crust on the Earth would produce 68-thick-km crust on Mars, which would be quite difficult to subduct. Current Earth conditions would produce 16-km-thick crust on Mars, which can now be subducted on the Earth.
Scaling relationships for heat flow of plate tectonics limited by subduction of thick crust are easily obtained. The simplest criterion is that a cooling time and hence crustal age at subduction scale to crustal thickness squared and hence g-2 at a given potential temperature. The globally averaged heat flow q scales with the inverse of the square root of this age and thus linearly with g. From (4) and (6) the equivalent heat flows for a given radioactive composition and a given cooling rate also scale with g. In this special case the temperature history in (2) becomes independent of planetary size. More likely, sufficiently thick crust may be impossible to subduct even after it has cooled, and a weak dependence on planetary size exists.
With regard to the demise of plate tectonics at low mantle temperatures, the current mantle of the Earth typically produces 6-km-thick oceamc crust. Global cooling of the mantle by another 50-100 K will preclude significant melting at ridge axes [Sleep, 1994] . Local regions provide partial analogs to the conditions at the eventual demise of seafloor spreading when the ascending mantle is too cold to melt effectively and the flowing mantle is so viscous that spreading rates are quite slow.
Unusually thin oceanic crust now forming above cool upwelling mantle south of Australia provides an example of the local effects of cool upwelling mantle. The remainder of the ridge boundary, however, has normal crust. The cool segments of the ridge axis spread, but the axial zone is partially pinned and extends by faulting.
Ridge axes abandoned during plate boundary reorganizations provide an example of the effects of slow spreading rates on pinning, where normal temperature mantle upwells. The Labrador Sea is a typical case [Osler and Louden, 1995] . Slow spreading followed the plate reorganization. Eventually, spreading ceased altogether even though it was kinematically possible for spreading to continue on both the new (Iceland) and the old ridge axes. During the period of slow spreading, lateral heat conduction cooled the ascending mantle to the point that much less melting and crustal production occurred [Sleep and Barth, 1997] . The lack of crust melt pinned the axes, which extended by faulting [Osler and Louden, 1995] . Along these lines a minimum full rate of 13.5 mmyr -1 exists for well-defined ridge axes on the Earth [Stoddard, 1992] even though plate reorganizations to create slower axes are not precluded kinematically. The minimum rate scales linearly with crustal thickness and hence linearly with g for a given potential temperature [Sleep, 1994] .
To reiterate, the heat flow from plate tectonics is expected to increase with mantle potential temperatures by (8) (Figure 1 ). I begin with the "ridge lock" transition from plate tectonics to stagnant-lid convection as the planet cools. As discussed in section 2.3.2, the mantle needs to be hot enough for basalt to melt at upwellings at the ridge axes. The partial melt allows the shallow part of the ridge axis to spread easily, as the crustal magma chamber and dike intrusion zone have little strength. For this melting to occur, the mantle adiabat needs only to be hot enough that it intersects the melting curve at shallow depth beneath the ridge axis, where the lithosphere is already thin. Once the mantle adiabat is too cool for much melting to occur on an ascending adiabat, the ridge axis behaves as a strong region, locking the plates and stopping plate tectonics once spreading rates have dropped below a critical value.
Ridge lock. First consider plate tectonics
Once plate tectonics stops, thick global lithospheric lid forms. [Reese et al., 1998 [Reese et al., , 1999 . I consider the melting instabilities resulting in plate tectonics and resulting in magma oceans together, as the outcome depends on whether thick crust formed after the initial overturn will be able to subduct. In both cases the mantle potential temperature needs to be hot enough for significant melting to occur at the base of the lid. This mantle potential temperature is likely to be considerably hotter than that required to maintain plate tectonics where melting occurs at shallow depths beneath ridges.
To obtain scaling times for the demise of stagnant-lid convection, I begin with the lithospheric thickness that is in equilibrium with radioactivity in the mantle, 
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This ratio is independent of the radioactive heat generation within the planet with the caveat that the times are assumed not to be significantly greater than the timescale on which radioactivity decays. The expression for the ratio (equation (16)) implies that for large planets, the time for the lithosphere to reach its eventual equilibrium thickness t• is short compared to the time for the mantle to heat up tm. That is, the mantle is still cool when the lithosphere first reaches tL. As stagnant-lid convection is expected to be sluggish then, the lithosphere continues to thicken. Only after the interior has heated up enough that stagnant-lid convection is vigorous does the lithosphere begin to thin toward its equilibrium thickness. Conversely, the interior of a small planet heats up before the lithosphere can reach its equilibrium thickness.
A calibrated ratio for the planets is obtained by scaling from (Figure 2, top right) . The increase in potential temperature increases conductive heat flow at a given lithospheric thickness a little through (17) and the convective heat flow a lot through (7) because viscosity is exponentially dependent on temperature. The stable equilibrium is now at point B, which is significantly shallower than point A.
In general, the lithosphere thickness tracks the intersection of the conductive and convective curves as the mantle heats up (from (1) and (2)), making convection more vigorous. Eventually, an instantaneous equilibrium is obtained when the conductive and convective heat flows both equal the heat flow supplied from below by radioactive heat generation qt. A melting instability will occur before this state is reached if the temperature at the base of the lithosphere becomes large enough. Calculations using more sophisticated rheologies than (18) 
Planetary Thermal Evolution Histories
The implications of (2) to the thermal history of a planet are parameterized by letting the heat flow be the function q(T). This approximation is justified if the time for the lithosphere to come into quasi-steady state is short compared with the timescale over which the interior temperature and radioactive heat generation of the planet varied. As shown in section 2.4.3, the criterion is likely to be satisfied for the Earth, Venus, and Mars, but not the Moon.
Generic Thermal Histories
It is easy to solve (2) for a given parameterization q (T) on a modem computer. In this paper, the objective is to discuss the Once the occupied point on the plate curve became greater than the radioactive heat production, the system cooled along the plate curve, as in case A (Figure 4) . As shown, the present state of the Earth is approaching ridge lock at point F to stagnant-lid convection at point G. After this jump the interior will heat up. A possible jump back to plates between points H and J will occur in the future, if the heat flow from radioactive heat generation qr is still greater than that a point H. Otherwise, point H will never be reached, and the planetary interior will gradually cool by stagnant-lid convection as the radioactive heat generation wanes. 
Venus. A possible q(T) diagram for

Heat Flow Also Dependent on Planetary Composition
The approach may be extended to where the global mantle heat flow q is a function of more than one variable. One feature of formal catastrophe theory is useful for visualizing how do to this. A mathematical branch connecting the ends (points A and E, Figure 6 ) of the two physical branches exists [Thom, 1983] . If the curve is considered to have a top and bottom surface, it is inverted along the mathematical branch. The mathematical branch can never be occupied. At point B, occupation of the branch would require the interior to heat up when the heat flow was greater than the heat generation. Occupation at point E would require the interior to cool when heat flow is less than heat generation. Rather, the heat flow jumps to point by freeze up, the demise of stagnant-lid convection to plates or a magma ocean by a melting instability, the demise of plate tectonics to stagnant-lid convection by ridge lock, and the demise of plate tectonics to a magma ocean by trench lock.
The existence of multiple q(T) branches results partly because melting of the mantle is pressure as well as temperature dependent. The rheology of the lithosphere is also important. For example, the persistence of plate tectonics once started can be qualitatively understood and dynamically modeled in regard to a rheology where damage associated with strain weakens the lithosphere so that steady state strain rate weakening occurs at high strain rates associated with plate boundaries [Tackley, 1998 [Tackley, , 2000 Bercovici, 1998 ]. Conversely, plate tectonics is difficult to restart at the expense of a stagnant lid, as intact lithosphere cannot be easily strained enough for damage to cause weakening.
For now, the q(T) diagrams provide a shopping list for phenomenological descriptions of planetary thermal histories. Better understanding of the rheology of the lithospheric and of the underlying mantle would quantify q(T) and its branch jumps. Still, gross features of planetary evolution are illustrated by my qualitative approach.
The potential temperature of stagnant-lid planets, Venus and Mars, may be even higher than the potential temperature of the Earth and increasing at the present. In contrast, the interior of the Earth has been vigorously cooled by plate tectonics.
Cycles For planets heated by radioactivity, the number of cycles through a loop is limited by the amount of available heat. Only a few loops are possible in a given planer's history, as the temperature change for a loop is of the order of a few hundred kelvins, independent of planetary size. It would take well over a billion years for this temperature increase to occur by radioactive heating in the immediate future and hundreds of millions of years within the early planets.
Evolution of a planet along various branches of its q(T) curve leaves a geological record. Events before the most recent demise of either plate tectonics or a magma ocean should be evident on the stagnant-lid plates, including whether the transition was gradual or sudden. The early history of the Earth is somewhat preserved on the continents but not yet understood in terms of the mode of global tectonics. Geochemical and isotopic evidence should exist for brief but intense magma ocean episodes which cycled of the mantle through the zone of melting. Right now, there is some evidence that plate tectonics occurred before Mars became a stagnant-lid planet. A strong magnetic field is expected to exist during these episodes where the mantle is cooling rapidly (resulting in a large temperature contrast between the abiabnnatic mantle and the core) and to be absent when the mantle is heating up [Nimmo and Stevenson, 2000] . The lithosphere of Venus is now a stagnant lid. Dehydration of the planet, as well as cooling, may have contributed to this condition.
